Copper oxide nanoparticles (CuO NPs) are commonly used in many industrial and biomedical applications. Excessive usage of these products may lead to their discharge into aquatic ecosystems causing harmful ecotoxicological hazards. The present study was performed to assess the impact of CuO NPs on mortality, bioaccumulation, oxidative stress, histopathology of the hepatopancreas and DNA damage of the red swamp crayfish Procambarus clarkii. The assessment of such effectsof Cu NPs may be useful for understanding the mechanism of their toxicity and evaluation of the possibility of using nanoparticles-induced alterations in the investigated organism as pollution biomarkers. For these purposes, adult crayfishes were exposed to 25, 125 and 250 mg/l of CuO NPs for 28 days. Percentages of mortalities were 0%, 6.7% and 36.7%, for application of these concentrations respectively. Bioaccumulation analysis revealed that the highest accumulation levels of copper were observed in gills followed by hepatopancreas while the lowest was detected in muscles. Biochemical analysis showed that exposure of P. clarkii to the above concentrations of CuO NPs caused significant increase in the activities of lipid peroxidation (LPO), Catalase (CAT), Glutathione-S-transferase (GST) and Metallothioneins (MTs) in hepatopancreas. On the other hand, levels of glutathione (GSH), total lipids (TL) and total proteins (TP) were significantly decreased. Light microscopical examinations of the hepatopancreas exposed to CuO NPs revealed lumen dilatation, increased yellowish brown granules, vacuolation, nuclear pyknosis and cellular lysis in the hepatopancreatic epithelial cells. At the electron microscopiclevel, vacuolated cytoplasm with densely stained secretory granules, fragmented microvilli of absorptive cells, ruptured RER, and deformed mitochondria were noticed. Comet assay analysis showed that high concentrations of these nanoparticles caused nuclear DNA damage. In conclusion, CuO NPs induced many histopathological and biochemical alterations in P. clarkia which are clear enough to be used as biomarkers for CuO NPs exposure.
INTRODUCTION
Nanomaterials have received growing interests as a result of their unique chemical and physical features, including uniform pore sizes, high surface area, high reactivity and diverse biological activity (Sahooli et al., 2012; Khashan et al., 2016) . Due to rapid development of nanotechnology, nanomaterials have been used enormously in commercial, industrial and medical products (Laurent et al., 2008 , Joh et al., 2011 Tang et al., 2012) . In order to efficiently detect and manage potential environmental effects from nanomaterialexposure, it is important to study the environmental, health and safety sides at an early stage of nanomaterial development and use (Oberdörster et al., 2005) . The aquatic ecotoxicology of nanomaterials is a quite new and evolving field which will be important for future generations (Farlow, 2014) .
Concern has especially increased in the case of metal oxide nanoparticles, because these particles have wide industrial applications in photocatalytic water purification systems and solar cells (Hagfeldt & Graetzel, 1995 ; Usui et al., 2004) .They are extensively used in medical applications including disinfection and as antimicrobials (Katwal et al., 2015) .Among metal oxide nanoparticles are copper oxide nanoparticles (CuO NPs) which attracted significant attention because of their antimicrobial and biocide properties and their usage in many industrial and biomedical applications (Perreault et al., 2012; Nations et al., 2015) . Although CuO NPs have demonstrated their use in biomedical applications; the major disadvantage for their use on the medical field is due to their possibly toxic effects for mammalian cells as well as for vertebrates and invertebrates (Isani et al., 2013; Ostaszewska et al., 2015) . CuO NPs revealed different toxic in vitro and in vivoactivities, when tested on mammalian cells and on various animal models (Khatri et al., 2013) . They caused inhibition in growth in common carp Cyprinus carpio and malformations in the liver and retina of zebrafish embryos and larvae (Sun et al., 2015) . Zhang et al. (2014) revealed also that copper oxide nanoparticles caused cellular abnormalities in the form of mitochondrial and DNA damage.
On the other hand, the red swamp crayfish, Procambarus clarkii is a native species in Mexico and USA and it was introduced to Egypt in the early 1980′s for aquaculture but escaped and spread via the River Nile (Ibrahim et al., 1995) . It is able to tolerate polluted environments and has been used as an indicator of metal pollution in numerous studies of aquatic environments. Moreover, its central position in aquatic food webs makes it a potential vector of contaminants to high trophic levels (Serrano et al., 2000) . Therefore, the aim of the present study was to investigate the effects of CuO NPs on P. clarkii and to critically evaluate its utility as a bioindicator for CuO NPs toxicity in the aquatic environment.
MATERIALS AND METHODS 1. Experimental design
CuO NPs (Average size 100-140 nm and with a purity > 99%)was purchased from Lab Chemical Trading Co., Cairo, Egypt. Suspension of CuO NPs was prepared with distilled water and dispersed with bath sonicator for 20 min. The stock solution was diluted to desired concentrations before treatment. The prepared concentrations were 25, 125 and 250 mg/l. During April 2018, the red swamp crayfish, P. clarkii (about 120 individuals) were collected with 0.7 cm diagonal net size from Bany-Helal irrigation Canal, Miniet Alkamh, Sharkia Governorate, Egypt. The collected specimens were transferred alive to the laboratory and maintained in glass aquaria (40 x 40 x 40 cm).The average water quality parameters were: total ammonia, 0.28 ± 0.03; temperature, 27.8 ± 0.28; dissolved oxygen, 6.05 ± 0.35; pH, 7.6 ± 0.19. All these values were within the acceptable ranges according to Boyd (1984) . Suffocation was avoided by ensuring a water depth of 7 -10 cm. Mature males weighing 25 -34 g and 9 -12 cm long were acclimated to indoor laboratory conditions for one week. Ten mature animals were stocked inside each aquarium and treated with either 0.0 (control), 25, 125, or 250 mg/l CuO NPs for 28 days in triplicates. Crayfish were fed with carrot and minced meat up to apparent satiation thrice a day at 9:00 , 13:00, and 17:00 h. Light regime was maintained to be 12:12 h using light tubes. Aquaria's water was renewed daily with aerated tape water and re-dosed with CuONPs. At the end of the experiment, crayfish were collected from each aquarium and counted.
Comet Assay
DNA damage analysis of the hepatopancreatic cells was carried out by Single Cell Gel Electrophoresis developed bySingh et al. (1988) .The hepatopancreas was dissected out, minced in a 20 mM solution of EDTA in PBS and centrifuged at 3000 rpm for eight minutes. Ten μl of supernatant were drawn off and mixed with 90 μl of low melting agar. One hundredμl solutions were placed on a pre-treated comet assay slide. These slides were placed in an alkaline solution (pH 13) to unwind the DNA for 30 minutes. Slides were then placed in the Comet Assay Electrophoresis System (Trevigen) in electrophoresis buffer (pH >13) for 30 minutes, placed in 70% alcohol for five minutes and allowed to air dry overnight. Extracted DNA on the slides was stained with SYBR-green, which emits fluorescent light within the 425-500 nm regions. The slides were analysed under a mercury lit epifluorescent microscope. A Magnifier SP Digital Camera was used. Length of DNA (comet) migration was measured using Image-Pro Plus software. All nuclei and their comets on the slides were measured (~100 cell). DNA damage was determined by measuring the length of DNA migration, the percentage of migrated DNA and finally measuring tail moment.
Statistical analysis
SPSS program version 20 (SPSS, Richmond, VA, USA) as described by Dytham(2011) was used to calculate the appropriate statistical tests.Prior to statistical analysis, all data were tested for normality and homogeneity using the Kolmogorov-Smirnov and Bartlett's tests. One-way ANOVA was used to compare the effect of CuONPs concentrations. Two-way ANOVA was used to explore the effect of CuO NPs concentrations and exposure periods in different organs. Significant differences among treatments at P< 0.05 were performed using Duncan test as a post-hoc test.
RESULTS

Crayfish Mortality.
Figure (1) represents percentages mortality of red swamp crayfish P. clarkii treated with different concentrations of CuO NPs for 28 days. Percentages of dead crayfish after exposure to 125 and 250 mg/l of CuO NPs were 6.7% and 36.7%, respectively. No mortality was recorded after exposure to 0.0 or 25 mg/l of CuO NPs. 
Bioaccumulation of CuO NPs in different organs of P. clarkii
The accumulation of Cu in various tissues of CuO NPs-exposed animals for 28 days is shown in Table (1) and Figure( 2). Cu accumulation was significantly affected by CuO NPs concentrations, exposure period, and the target organs. The highest Cu accumulation was recorded in gills followed by hepatopancreas and muscles, respectively. The highest Cu residues were retained in gills and hepatopancreas after 7 days of exposure to 250 mg/l of CuO NPs (100.31 and 2.54 µg/g dry weight, respectively). The amount of Cu in both organs increased significantly (P< 0.05) to be 197.67 and 14.2 µg/g dry weight, respectively after 28 days of exposure (Figs 2a & b) .Cu accumulation in muscles was 1.09, 1.48, and 1.82 μg/g on the day 7, increased to be 1.59, 3.34, and 4.79 μg/g dry weights after exposure to 25, 125 and 250 mg/l CuO NPs for 28, respectively ( Fig. 2c ).
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A combined histopathological, Biochemical and genotoxicological study 3. Biochemical biomarkers in hepatopancreas of P. clarkii exposed to different concentrations of CuO NPs. Table ( 2) and Figure ( 3) showed that the levels of LPO, CAT, GPX and MTS enzymes in hepatopancreas of crayfish treated with 125 and 250 mg/l of CuO NPs were significantly higher than that of control group. On the other hand, levels of GSH, total proteins and total lipids were significantly decreased (P < 0. 05) in hepatopancreas of crayfish after 28 days of exposure. After exposure to125 and 250 mg/l on CuO NPs,LPO, CAT, GPX and MTs were increased by 76.2 % -260.7% ; 78.5%-137.9% ; 13.4%-20.7% and 52.9%-120.7%, respectively; while GSH levels were reduced to -23.4% and -40.4% after treatment with 125 and 250 mg/l, respectively ( Fig. 3) . 
Histopathology of hepatopancreas 4.1. Normal hepatopancreas
Hepatopancreas is formed of numerous digestive tubules(Plate 1 a) which communicate with the lumen of the mid gut and end blindly in the gland itself. Each tubule has a central lumen and its wall is formed of three types of cells: absorptive, secretory and fibrillar cells (Plate 1 b). The absorptive cell is the most numerous cell type with basely located nucleus and the cytoplasm comprises an apical small vacuole. The secretory cell has a basely located nucleus and a large central vacuole filled with acidophilic secretions. The fibrillar cell is small, darkly stained with a large basely located nucleus (Plate 1 b).
Under EM, the apical surface of the absorptive cell has numerous microvilli (Plate 2 a) while its basal portion contains a spherical nucleus, Golgi complex, and parallel tubules of RER (Plate, 2 b). The secretory cells contain very thin layer of perinuclear RER, a small number of mitochondria and a central large vacuole (Plate 2 c). The fibrillar cell has a basely located nucleus and massive RER that fills almost the entire cell (Plate 2 d).
CuO NPs-Treated hepatopancreas
Light micrographs showed that treatment with 25 mg/l of CuO NPs resulted in the presence of yellowish brown granules in vacuoles of both secretory and absorptive cells as well as inflammatory infiltration with haemocytes between the tubules (Plate 1 c & d). Exposure to 125 mg/l of CuO NPs caused lumen dilatation of the tubules, extensive vacuolation and presence of numerous yellowish brown granules in vacuoles of secretory and absorptive cells. Lysis of epithelial cells was also observed (Plate 1 e & f). After treatment with 250 mg/l of CuO NPs, many tubular disruptions were noted (Plate 1 g) as tubular destruction, lysis of epithelial cells, appearance of pyknotic nuclei, haemocytes infiltration and presence of extensive number of yellowish brown granules in the tubular epithelial cells (Plate 1 h).
TEM Examination revealed many ultrastructural alterations in hepatopancreatic cells exposed to 250 mg/l of CuO NPs for 28 days. The microvilli of absorptive cells became fragmented and their cytoplasm lost its identity and being highly vacuolated (Plate 2 e & f). The nucleus became pyknoticand itschromatin materials appear as electron dense aggregates along the inner surface of nuclear membrane (Plate 2 f). Presence of dense granules was also noticed (Plate 2 g). RER of the fibrillar cell became dilated and had disorganized arrangement and the nucleus became pyknotic (Plate 2 h). 
DNA damage
DNA damage was analyzed by the Comet assay technique. The mean of tail lengths of the comet reflects approximately the increasing patterns of DNA damage. Figure(3) shows that CuO NPs treated groups produced concentration-dependent increases in DNA damage in hepatopancreatic nuclei of P. clarkii. The significant increase in tail lengths revealed DNA damage caused by CuO NPs compared to control. Figure (4) illustrated a significant increase (P <0.05) in tail length after exposure to 125, 250 mg/l CuO NPs, where tail length is 11.84-20.1 PX, respectively. 
DISCUSSION
The investigation of the impacts of nanomaterials on the aquatic ecosystem,that ultimately receives overflow and wastewater from domestic and industrial sources,becomes a topic of interest. These concerns have prompted number of studies to examine the release of these materials from nano-functionalised products. Nano CuO is one of the most interesting innovations in medical care, since they decrease microbial infections within hospitals (Lazary et al., 2014) .In order to evaluate the possibility of using nanoparticlesinduced alterations in the tested organism as biomarkers of nanoparticles water pollution,the present study focuses on the impact of CuO NPs on different biological aspects of P.clarkii.
The present study documented that the crayfish mortality increased with increasing concentrations of these nanoparticles. Crayfish mortality after exposure to 25, 125 and 250 mg/l CuO NPs were 0%, 6.7% and 36.7%, respectively.The mortalities in crayfish exposed to CuO NPs may be due to the direct toxic effects of these nanoparticles on gill epithelium, resulting in hypoxia and osmoregulatory stresses. Moreover, nanoparticles may cause many biochemical changes inside the crayfish body that may inhibit the vital activities and immune system of the crayfish making them more susceptible to death (Jitka et al., 2017) .
Results in the present study showed that the highest accumulation of copper was observed in gills followed by hepatopancreas while the lowest accumulation was detected in muscle tissues and accumulation levels showed a dose and time-dependent. This finding was in agreement with Griffitt et al. (2007) who reported that gills of Danio rerio were the primary target organ for CuO NPs accumulations. Similarly, Shaw et al., (2012) found that accumulation of copper increased in gills of Oncorhynchus mykiss exposed to 20 and 100 µg/L Cu NPs compared to control levels. Contrarily, in Oreochromis niloticus exposed to 11 Impact of copper oxide nanoparticles on freshwater crayfish, Procambarus clarkii.
A combined histopathological, Biochemical and genotoxicological study 20 µg/L Cu NPs for 15 days, accumulation of copper was higher in liver followed by gills then muscle tissues (Mustafa et al., 2017) . Rise in CuO NPs accumulation in the gills may be related the formation of metal complex with the mucus on the gill, due to its direct exposure to toxicant in water and acts as a reservoir of metal accumulation (Oliveira-Filho et al., 2010) .Elevated accumulation levels of CuO NPs in the hepatopancreas of P. clarkii revealed that this organ plays a vital role in pollutant storage, redistribution and detoxification (Jaiswal and Sanojini, 1990) . Muscle has the lowest amount of Cu accumulation because it is not an active organ in accumulating metals (Alam et al., 2002) . Biochemical investigations have been used for assessing the nutritional and health status, effects of stressors, and the adaptive capacity of organisms to the external environment (Schreck and Moyle, 1990; Abdel-Tawwab, 2016) . Many biochemical parameters are estimated in the present work to be used as biomarkers. These include: total protein, total lipids as well as non-enzymatic and enzymatic antioxidants.
Proteins are important biochemical components that play an essential role in metabolic pathways and biochemical reactions. Under extreme stress conditions, protein supply energy in metabolic pathways and biochemical reactions. Therefore, an assessment of the total protein contents could be used as a diagnostic tool for determining the physiological status of an organism (Prasath and Arivoli, 2008) . The current study clearly showed that total proteins decreased significantly in the hepatopancreas of red swamp crayfish, P. clarkii treated with CuO NPs. This decrease may be resulted from high protein hydrolytic activity due to elevation of protease enzyme in hepatopancreatic tissues.Similarly, Hamdi (2001) reported a reduction in total proteins of hepatopancreas of red swamp crayfish, P. clarkii exposed to Malathion. This reduction may be due to the enhanced proteolytic activity in this organ under stress, destruction of cells and consequent impairment in protein synthesis (Bradbury et al., 1987) . In contrast, Muralisankar et al. (2015) found that total protein increased in hepatopancreas of Macrobrachium rosenbergii after treatment with 40 mg kg -1 .Cu NPs.
Lipids are important metabolites for locomotory and reproductive activities. The storage of lipid reserves mostly triglyceride and cholesterol acts as a main source for energy utilization (Derise and Druilhet, 1988) .The present study showed that CuO NPs significantly decreased total lipids in hepatopancreas of crayfish, P. clarkii. This decline may be due to an increase in hormonal secretions that enhance metabolic rate which in turn reduces the metabolic reserve of the triglyceride (Turner and Bargnara, 1976) . The decline in total lipids may also be due to the imposition of high energy demands to counter the toxic stress. These results are in agreement with Abd El-Atti (2002) who found that cadmium, copper, zinc and mercury decreased total lipids in the crayfish P. clarkii.
Many types of environmental contaminants exert toxicity associated to oxidative stress and can produce oxidative damage in aquatic organisms (Lushchak et al., 2005; Stara et al., 2013& 2014 . The evaluation of oxidative stress markers is critical to the investigation of oxidative stress in organisms and pro-oxidant activity can be used to evaluate water pollution (Slaninova et al., 2009) . The steady-state concentration of the markers of oxidative stress is a balance between production and removal, producing a steady-state of reactive oxygen species level (Dalibor et al., 2014) .
Lipid peroxidation (LPO) is the first sign of oxidative stress.The onset of LPO within biological membranes is associated with changes in their physicochemical properties and with alteration of biological function of lipids and proteins. It is considered as the main molecular mechanisms involved in the oxidative damage to cell structures (Javed et al., 2016) . LPO is the main contributor to the loss of cell function under oxidative stress (Huang et al., 2003) . The responses of LPO may vary with the concentration of chemicals and exposure time (Ruaset al., 2008) . The present study showed clearly that LPO in hepatopancreas of P. clarkii increased significantly after treatments with CuO NPs. Likewise, Muralisankar et al. (2015) found that LPO level increased in hepatopancreas of Macrobrachium rosenbergii after treatment with Cu-NPs.This increase in LPO levels lead to excess ROS generation due to a less effective antioxidant defense system (Javedet al., 2016) .
Oxidative substances in cells may lead to elevation in antioxidants of both enzymatic and non-enzymatic components as a defense mechanism (Venancio et al., 2013) . Antioxidant enzyme activities are found broadly distributed in tissues of aquatic organisms, with higher activity in the digestive gland of invertebrate organisms. Assaying antioxidant enzymes can indicate the antioxidant status of the organisms, working as a potential biomarker for contaminant-mediated oxidative stress. Moreover, they are useful biomarkers reflecting not only an exposure to pollutants but also their toxicity (Valavanidis et al. 2006) .
Catalase (CAT) and Glutathione peroxidase (GPx) are antioxidant enzymes that provide the first line of defense against reactive oxygen species and used as a biomarker of oxidative stress (Van der Oost et al., 2003) . In the present study, CAT and GPx activities increased in the hepatopancreas of P. clarkii upon exposure to CuO NPs. Such increases in CAT activities may be explained as a response to the increased H 2 O 2 levels and superoxide anions (John et al., 2001) . The increment of CAT and GPx activities may be an adaptive mechanism to prevent the accumulation of toxic reactive oxygen (Regoliet al., 2006) . The elevated enzymatic activities might reflect the possibility of better protection against toxicity of metal-induced lipid peroxidation (Abdel-Tawwab and Wafeek, 2017) . In the same trends, Mustafa et al. (2017) reported that GPx activity increased in liver of Oreochromis niloticus exposed to CuO NPs and attributed this increase to its protective role against damages induced by oxyradical.
Glutathione (GSH) reduces organic and hydrogen peroxides via a reaction catalysed by GSH-Px. It serves as a scavenger of O 2 and OH* (Fang et al., 2002; Hamre, 2011) . In this study, the non-enzymatic antioxidant, GSH activities were significantly decreased in hepatopancreas exposed to CuO NPs. This decrease may be due to the intensification of turnover between reduced and oxidized glutathione under stress conditions and as a result caused an increase in the consumption of some peptides for the synthesis of heavy metalbinding proteins like metallothioneins (Radwan et al., 2010) . In this regard, Barim (2018) found that GSH was significantly decreased in the hepatopancreas of freshwater crayfish (Astacus leptodactylus) upon starvation. They attributed this decrease in GSH content during exposure to starvation to an increased utilization of GSH, which can be converted into oxidized glutathione, and inefficient GSH regeneration.
Metallothioneins (MTs) are other non-enzymatic antioxidants that play a vital role in the detoxification and metabolism of toxic metals (Kelly et al., 1998) . The present studyshowed that MTs levels were increased in crayfish treated with CuO NPs. Similarly, Martin-Diaz et al. (2006) reported an increase in the metallothioneins level in the hepatopancreas of crayfish, P. clarkii exposed to cadmium. Moreover, Cu exposure induces MTs production in white shrimp, Litopenaeus vannamei (Hui et al., 2017) and in in signal crayfish, Pacifastacus leniusculus (Gunderson et al., 2018) . The increments of MTs in the investigated species upon exposure to nanometals explains the essential role of metallothioneins in the defense against toxic effects of nanoparticles and support the evidence that it is a suitable biomarkers in biomonitoring programs.
Histological and ultrastructural alterations are important biomarkers in toxicological studies. They are often observed in hepatopancreatic tissue of crayfish due to their role in detoxification (Jaiswal and Sanojini, 1990) . It was found to be the major site of metal accumulation, and it is the organ in which cellular alterations are most evident after exposure to organic and inorganic pollutants (Zaraiet al., 2011) .
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The present study showed many histological alterations in hepatopancreatic cells of P. clarkii after being exposed to different concentrations of nano copper oxide .Low concentrations caused mild alterations as lumen dilatation, vacuolation and presence of number of yellowish brown granules in vacuole of secretory cells. On the other hand, higher concentrations of CuO NPs resulted in severe tubular disruption including haemocytes infiltration and cellular destruction. Similar histopathological alterations were also reported in the hepatopancreatic tubules of P. clarkii upon exposure to Malathion (Hamdi, 2001) ethion (Desouky et al., 2013) and TiO 2 NPs (Abdel-Attiet al., 2019) . This finding is in agreement with Teresa et al. (2018) who found that Cu NPs caused many histological abnormalities in liver of rainbow trout (Oncorhynchus mykiss). These histological changes may be attributed to direct toxic effects of toxicants on hepatopancreatic cells because it is the main site of detoxification. The present electron microscopic studies have been supported the results obtained from the previous foundations. The obtained results showed that CuO NPs produce severe degeneration of cellular organelles including fragmented microvilli, swollen mitochondria, lytic and vacuolated cytoplasm, fragmented endoplasmic reticulum and presence of dense granules. Lysis of cytoplasm indicates that nanoparticles may interact with hepatic enzymes and other proteins which results in oxidative stress and reactive oxygen species formation which may cause apoptosis and necrosis of cells (Choi et al., 2010) . Mitochondrial swelling might be due to pollutant-induced inhibition of Na + /H + transporter and impairment of the overall osmoregulatory process of the cell (Vilellaet al., 1991) . The disintegration of RER might be a result of final hyperactivity before cell necrosis (Roncero et al., 1992) .
Comet assay combines the simplicity of biochemical techniques for detecting DNA single strand breaks (Singh et al., 1988) . The present study showed that CuONPscaused DNA damages in hepatopancreatic nuclei of P. clarkii at high concentrations.Many studies have shown that these nanoparticles promote mitochondrial damage, DNA damage and oxidative DNA damage (Zhang et al., 2014) . DNA damage may be due to excessive generation of ROS which may cause deteriorations to DNA (Ozkan et al., 2012) .
In conclusion, CuO NPs were found to cause a moderate toxicity to the crayfish, P. clarkii. After exposure to sub-lethal concentrations of these nanoparticles, they were accumulated progressively inside the body organs over exposure period (28 days) and resulted in significant biochemical, histopathological and genetic alterations. These changes which may represent adaptive mechanisms to this stressful situation may be potentially disruptive for the survivability of this crustacean in contaminated aquatic ecosystems. Moreover, the present study revealed the utility of red swamp crayfish, P. clarkii to be used as a bioindicators for CuO NPs toxicity. 
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